This paper evaluates the suitability of a newly developed hybrid "Langmuir-Maxwell" and "LangmuirSmoluchowski" slip/jump boundary conditions in the Navier-Stokes-Fourier equations for nano/micro backward-facing step geometry flow which experiences separation and reattachment. Additionally, this paper investigates the effect of different parameters such as step pressure ratio, inflow temperature and wall temperature on the separation zone in the nano/micro step geometry. We chose nitrogen as the working gas and use two DSMC solvers to assess the accuracy of the CFD solutions. DSMC results showed that the increase of the inlet temperatures extends the length of the separation zone and raises the mass flow rate. The change of pressure ratio does not affect the separation length while the increase of the step wall temperature decreases the length of this zone for both CFD and DSMC results. Compared to the DSMC results, the hybrid slip/jump boundary conditions predict better surface pressure, surface gas temperature and slip velocity in the separation zone than the standard Maxwell/Smoluchowski boundary conditions. Keywords: Nano/micro step, DSMC method, hybrid slip/jump boundary conditions, separation zone. 
Introduction
In the past decades, nano/micro devices have been widely developed and employed in the most of the engineering applications [1] . In this regards, gaseous Nano/micro Electronic Mechanical Systems (MEMS/NEMS) have been developed for the measurement and control in the atomic level. These systems may include straight nano/micro channels or may contain a series of channels. Numerical simulation of the pressure-driven gas flows in the nano/micro channels is important for understanding of the gas flow behavior. In MEMS/NEMS, fluid mechanics and heat transfer of the gas nano/micro-flows due to nonequilibrium effect such as rarefaction and gas-surface interactions play an important role.
Translational nonequilibrium of a rarefied gas flow in nano/micro devices can be characterized by the Knudsen number, Kn, that is the ratio of the molecular mean free path, λ, to the characteristic length of the geometry, l. If the gas density is relatively high and Kn is small, gas flows may be simulated by solving the conventional Navier-Stokes-Fourier (NSF) equations (Kn ≤0.001). When the gas density becomes lower and the gas is rarefied, the gas mean free path becomes large and the nonequilibrium behaviour becomes appreciable. There are fewer collisions between molecules in the flow around the walls. The lack of collisions means the NSF equations become inappropriate in the rarefied regimes indicated by a large Knudsen number. An approach to improve the NSF equations in the range of 0.001 ≤ Kn ≤0.1, i.e., slip regime, is to use velocity slip and temperature jump boundary conditions. However,
when Kn rises into the range 0.1 ≤ Kn ≤1, which is called the transition regime; the NSF equations become inappropriate because the near-equilibrium fluid assumption for flows has broken down. For Kn >10, the molecular density is very low and molecules lack of collisions each other and collisions often occur at the boundary of the geometry. This regime is called as free-molecular regime.
Typical methods used to simulate rarefied gas flows in nano/micro devices in slip regime are the direct simulation Monte Carlo (DSMC) and Computational Fluid Dynamics (CFD).The DSMC method has successfully simulated rarefied gas flows in all the different regimes, but the computational effort is quite expensive especially at lower Kn number flows. A typical CFD method, which solves the NS equations with appropriate surface boundary conditions, may simulate successfully a rarefied gas flow in the continuum regime, up to a Kn of 0.1. The computational effort of CFD is much less than the DSMC method, especially for three dimensional flows.
Separation and reattachment are two important features of the internal flows with the change of area. These features have an important effect on the fluid behavior such as mass flow rate and heat transfer characteristic. Backward-facing step is a typical geometry utilized in nano/micro devices. The behavior of step flow is governed by the separation and reattachment.
Some researchers had already considered the gas flows through nano/micro backward-facing step channels. Beskok [2] studied a backward-facing step as the prototype geometry for modeling separated rarefied gas flow. His test case was important to quantify the behavior of rarefied gas flows under adverse pressure gradient and the separation. He investigated the validity and robustness of continuum-based slip models for Kn< 0.1, by comparing the CFD simulation results obtained with Maxwell's first-order and the second order slip models against his DSMC data. The Langmuir slip developed in Ref. [3] combined with the NS equations was proposed and implemented for backward-facing step gas flow in the slip regime by
Choi et al. [4] .A characteristic-based split Navier-Stokes FEM solver was used for the simulations of rarefied gas flow through a backward-facing step duct in THE slip regime by Celik and Edis [5] . The second-order slip-velocity and temperature-jump boundary conditions suggested by Beskok [2] were applied on the duct walls. Rached and Daher [6] numerically investigated the incompressible rarefied gas microflow and heat transfer in backward-facing step microchannel in slip regime. A control-volume based numerical method is used to solve the NSF equations with the velocity-slip and temperature-jump boundary conditions at the walls. Their simulation results provided numerical data for incompressible flows over a backward-facing step. Control of separated flow past a backward-facing step in a microchannel was studied by Baysal et al. [7] based on the NSF equations with slip/jump boundary condition in the range 0.01 < Kn < 0.1. Xue and Chen [8] simulated micro-backward-facing step flows in both slip and transition flow regimes by the DSMC method. Their results showed that the phenomena of flow separation, recirculation, and reattachment will disappear as Kn number exceeds 0.1. A significant jump of pressure and velocity behind the step was observed in the transition flow regime. The compressibility had significant effect on flow characteristics in the slip regime but would be negated by the rarefaction in the transition flow regime [8] . Xue et al. [9] figured out that the stability of the vortex behind the step relies on the magnitudes of mean and thermal velocities in the region, which are closely related to the Kn number, local temperature, and driving pressure ratio. A highly intensified pressure and velocity region behind the step is identified in the transition flow regime [9] . Kursun and Kapat [10] was also absent. Schafer et al. [11] researched the separation zone of a backward-facing step in macro scale. They also pointed out that the backward-facing step flow is extremely sensitive to numerical errors and the choice of the boundary conditions at the inlet. Bao et al. [12] surveyed the microscale backwardfacing step flow in transition regime with CFD solving the Burnett equations. These equations are also limited by very high Kn. Darbandi and Roohi [13] used DSMC method to study the effect of Kn number for nano/micro backward-facing steps. They concluded that the change of Kn number affects on the step flow behavior and the separation zone.
Although there were papers considering rarefied gas flow through backward-facing step in nano/micro scales, our literature survey show that mass flow rate and heat transfer behavior of step flow has not been discussed in details in the literature. Moreover, the effects of the separation zone on the fluid and thermal behavior of nano/micro step has not completely understood. In addition to the above topics, the suitability of a hybrid-type slip boundary conditions for the slip regime is another focus of the current work. In this paper, we use both DSMC and CFD to model the behavior of the pressure-driven rarefied gas flows through 2-D backward-facing step geometry in the range 0.01 ≤ Kn ≤ 0.1. CFD, in particular the NSF equations, combined with newly developed slip/jump boundary conditions, are investigated for the first time for flows with separation and reattachment. Input simulated parameters are also changed to investigate their effects on the separation region and its length. DSMC simulations are run with the DSMC code developed and validated by Roohi and co-workers [13] [14] [15] [16] [17] [18] and dsmcFoamStrath [19] [20] developed in the framework of open source CFD toolbox, OpenFOAM [21] . CFD simulations are run using the rhoCentralFoam solver in the OpenFOAM. In this solver, the NSF equations were numerically solved with the high-resolution central scheme described by Greenshields et al. [22] . The results presented in Ref. [22] indicated that this central scheme is competitive with the best method previously published, and is simple and well-suited to a collocated, polyhedral finite volume framework.
The accuracy of the NSF simulations depends on the surface boundary conditions applied. The
Maxwell slip velocity [23] and the Smoluchowski temperature jump [24] boundary conditions for CFD are revisited in the present work. Recently, Le et al. [25] proposed the Langmuir-Maxwell and LangmuirSmoluchowski boundary conditions, so-called "hybrid boundary conditions", for rarefied gas simulation by combining the Langmuir adsorption isotherm and kinetic theory. These hybrid conditions are investigated in the present study for a flow with separation and reattachments.
Direct Simulation Monte-Carlo (DSMC)
For decades, DSMC technique has been regarded as a powerful numerical method for studying rarefied gas dynamics problems. The DSMC technique uses a finite set of model particles denoted by their positions and velocities which move and collide in a computational domain to perform a stochastic simulation of the real molecular gas dynamics. The basic concept of the method is built on a discretization in time and space of the real gas dynamics process and splitting the motion into two successive stages of free molecular motion and binary intermolecular collisions within the grid cells in each time step. A rigorous mathematical proof of the method convergence for a large enough number of particles in cells to the Boltzmann equations was given by Wagner [26] .
DSMC is a direct simulation algorithm for rarefied gas flow based on the kinetic theory. It simulates gas flow as a collision of discrete particles with various position, velocities, and energies. In DSMC, each simulated particle represents a large number of real molecules with the same properties.
During the simulation, the molecular motions and intermolecular collisions are performed over small time steps which are smaller than the mean collision time. The macroscopic quantities such as flow velocities, densities, and temperatures are calculated through sampling the microscopic quantities of all the particles
in the computational domain. Typical applications of the DSMC algorithms were presented in Refs. [27] [28] .
Computational Fluid Dynamics (CFD)
The governing equations, in particular NSF equations, solved by the CFD method are based on the assumptions that the fluid consists of a continuum environment where the perfect gas law applies, and the only forces are due to pressure, viscous effects and body forces. In our CFD solver, i.e., rhoCentralFoam, the governing equations are numerically solved by the finite volume method, see Ref. [22] . Various nonequilibrium slip/jump boundary conditions are implemented into our NSF solver to investigate the flow behaviour in the nano/micro backward-facing step geometry. In the present work the 
The right hand side of Eq. (2) contains 3 terms that are associated with (in order): the surface velocity, the so-called curvature effect [23] , and thermal creep. The Maxwellian mean free path is defined as follows:
The viscosity µ is computed by Sutherland's law:
where A S = 1.41 x 10 -6 Pa s K -1/2 and T S = 111 K for nitrogen [25] .
Experimental observations show that the temperature of a rarefied gas at a surface is not equal to the wall temperature, T w . This difference is called the "temperature jump" and is driven by the heat flux normal to the surface. The Smoluchowski boundary condition can be written [24] : (5) where σ T is thermal accommodation coefficient (0 ≤ σ T ≤1) . Perfect energy exchange between the gas and the solid surface corresponds to σ T = 1, and no energy exchange to σ T = 0.
The hybrid conditions such as the Langmuir-Maxwell (LM) and Langmuir-Smoluchowski (LS)
conditions were proposed by Le et al. [25] by inserting the Langmuir adsorption isotherm [3, 29] into the Maxwell and Smoluchowski (MS) equations. They assumed that only diffuse reflection and perfect energy exchange are taken into account for developing these hybrid slip/jump conditions (i.e. σ u = σ T = 1.0), in which the molecules adsorbed at the surface are considered as diffusely reflected. The molecules adsorbed that are determined by the fraction of coverage α (0 ≤ α ≤ 1), only contribute to the part of the total fluid shear stress at the surface due to the approaching molecules. The temperature of these emitted molecules is equal to the surface temperature (T = T w ). The hybrid slip and jump conditions were presented in Ref. [25] as follows:
which the right hand side of the hybrid slip condition also contains three terms that are associated with (in order): the surface velocity, the so-called curvature effect [23] , and thermal creep. The hybrid jump condition is
The fraction of coverage α is computed by the Langmuir adsorption isotherm [3, 29] . For monatomic gas (8) and for diatomic gas
where β is an equilibrium constant relating to the surface temperature, given by: (10) where A m is either measured or calculated approximately by N A πd 2 /4 for gases [3, 29] ; d is Covalent diameter of the molecule: for nitrogen gas d = 0.142 nm [25] ; D e is the measured value of the heat of adsorption (J/mol): for argon and nitrogen gases D e = 5255 (J/mol) given in references [3, 29] . These conditions were implemented into the solver rhoCentralFoam in OpenFOAM for simulating rarefied gas flows [25, 30] . [25] . In this work, we would like to extend these boundary conditions to capture the behaviour of the low speed microscale rarefied gas flows.
Numerical setup
A typical numerical setup for a CFD simulation for the pressure-driven rarefied gas flow through a nano/micro backward-facing step channel is presented in Fig. 1 . In CFD simulations, various nonequilibrium boundary conditions are applied on the walls of the channel for the flow variables (T, u).
The boundary condition for the pressure p at the walls is zero normal gradient condition. At the inflow boundary, the inlet conditions for (p, T) were maintained throughout the computational process and zero normal gradient condition is applied for the inflow boundary condition of velocity. At the outflow boundary, the outlet pressure is specified and the normal gradients of the flow variables (T, u) vanish at this boundary. The boundary conditions for DSMC simulations include explicit values for p in , T in and p out .
Boundary conditions for u in , u out and T out are implicitly applied in the DSMC scheme, as detailed in Ref.
[31]. In the DSMC, the number of Particles Per Cell (PPC) are determined by the user. Evidently, the increase of PPC improves the accuracy of the simulations but it increases the computational costs.
Different PPC were independently studied for DSMC cases in the present work. From obtained simulation results with various PPC, we choose PPC = 16 for DSMC results reported in the current work.
The input parameters, dimensions of the nano/micro step channel for both DSMC and CFD simulations are presented in Tables 1 and 2 . Mesh independence analysis was conducted for all DSMC and CFD simulations and only final mesh sizes of rectangular mesh are also presented in Table 2 . The size of considered step geometry is at the nano scale.
Numerical results and discussions
Numerical CFD and DSMC results of all simulations will be presented in this section. We present all numerical results on the wall-3 of the step channel only in the streamwise direction because the separation zone locates over this wall. The pressure values, p, are normalized by the inlet pressure, p in .
CFD simulations are run with various boundary conditions such as Maxwell/Smoluchowski (MS) and hybrid slip/jump boundary conditions (LMS). The values of tangential momentum accommodation
coefficient, σ u = 1.0 and thermal accommodation coefficient, σ T = 1.0 are used for both CFD and DSMC runs. DSMC code used in Ref. [13] was employed for DSMC simulations in cases of various inlet temperatures, pressure ratios and the wall temperatures.
Various inlet temperature cases
Three various inlet temperatures T in = 300 K, 500 K and 700 K are set for both CFD and DSMC runs. Figure 2 shows the pressure variation along wall-3. At the tip of wall-3, the surface pressures raise up to a peak normalized pressure and thereafter gradually decreases along the wall-3. For the case T in = 300 K, the hybrid boundary conditions predict better surface pressure than the MS boundary conditions in comparison with the DSMC results, as seen in Fig. 2 For surface gas temperature shown in Fig. 3 -a, both DSMC and CFD results are close together in the case T in = 300 K. For two remaining cases, the surface gas temperatures increase to the peak temperature and then gradually decrease along the wall-3. The peak temperatures in the case T in = 500 K are 302 K for the MS conditions, 307 K for the hybrid conditions, and 307 K for DSMC as seen in Figs 
Various pressure ratio
In this section, the outlet pressure is changed with various values to investigate its effect on the gas flow behavior. Firstly, DSMC simulations were run with various pressure ratios (PR) as 1.5, 2.5, 3, 4, 5, 6 and 7. The DSMC results show that the change of the pressure ratio will affect on the mass flow rate, as shown in Fig. 6 . It is seen that the mass flow directly varies with the pressure ratio in the pressure driven channel. However, when the pressure ratio is greater than 4, there is not any visible effect on the mass flow. It is due to the fact that the gas flow approaches the choking condition at higher pressure ratio.
According to this DSMC result, we just did the comparison between CFD and DSMC simulations for various pressure ratios of 1.5, 2.5, 3 and 4. At the tip of the wall-3, surface pressures reach to peak normalize values and thereafter gradually decrease along the wall-3. The predictions for surface pressures with the hybrid conditions are better than those of the MS conditions in comparison with the DSMC data for all cases, as seen in Fig. 7 . Surface pressure decreases when the pressure ratio increases. For the slip velocity, the hybrid conditions give better results than the MS boundary conditions in the recirculation region comparing with the DSMC data, in which the hybrid boundary condition results give the best agreement with the DSMC data for the case PR = 1.5, as seen in Fig. 8 -a. Beyond this region, the predictions for slip velocity with the MS boundary conditions are better than that of the hybrid conditions in comparing with the DSMC data for all cases, as seen in Fig. 8 . The magnitudes of the peak slip velocity in the recirculation zone raise up when the PR increases from 1.5 to 2.5, while those do not change for the remaining cases, as seen in Fig. 8 . Beyond the separation zone, the magnitudes of slip velocity also raise up when the pressure ratio increases. Fig. 9 
The variation of the separated length, L, is presented in

Various wall temperatures
In this section, we change the temperatures of the wall-2 and 3 which are located near the separation zone. We set two different wall temperatures T w = 500 K and 700 K to investigate the effect of the increase of the wall temperature on the gas flow behavior in the separation zone. Similar to the cases with various T in and PR, surface pressures increase to peak values at the tip of the wall-3 and then gradually decrease along the wall-3. The peak normalized pressure values are 0.65 for the MS conditions, 0.65 for DSMC and 0.645 for the hybrid conditions for the case T w = 500 K, as shown in Fig. 10-a; and 0.69, 0.685 and 0.68 respectively for the case T w = 700 K, as seen in Fig. 10-b . The hybrid boundary conditions predict more accurate surface pressure than the MS boundary conditions comparing with the DSMC data for both cases, even in separate region. This is caused by the increase of the wall temperature that affects significantly the computation of the values α and β in Eqs. (9) and (10), respectively. Surface pressures also increase along the wall-3 when T w increases. Surface gas temperatures reach a peak temperature at the tip point and then gradually decrease toward the location x = 40 nm and slightly increases along the rest of the wall-3. The peak temperatures are 497.5 for the MS conditions, 497.5 K for DSMC, and 493 K for the hybrid conditions for the case T w = 500 K shown in Fig. 11 -a; and 692 K, 690 K and 682 K respectively for the case T w = 700 K, as seen in Fig. 11-b . The MS boundary conditions give a suitable agreement with DSMC data of the surface gas temperature, while the hybrid boundary conditions under-predict that temperature for both cases. In the separation zone, when the T w increases the magnitudes of the slip velocities reduce, while beyond this zone the magnitudes of slip velocities increase, as seen in Fig. 12 . The hybrid boundary conditions give better agreement with the DSMC data for slip velocity in the separation region. Beyond this region, the MS conditions give the best agreement with the DSMC data for the slip velocity while the hybrid boundary conditions overpredict that velocity for both cases. In this section, DSMC simulations were run with dsmcFoamStrath [20] and DSMC code used in
Ref. [13] . Three cases with Kn in = 0.05 and 0.1 are simulated in which two cases with Kn in = 0.1 are carried out for two different step microchannels. The input parameters, dimensions of microchannel of three cases, DSMC solvers and final mesh sizes are presented in Table 3 .
The case 1, Kn in = 0.05, is run with dsmcFoamStrath [20] . For the surface pressures in the range 
Conclusions
Gas flow behaviours in the nano/micro backward-facing step geometry have been studied using both DSMC and CFD techniques. The effects of input parameters on the separation zone had been 
